Thermophysical properties of TiO 2 ,A l 2 O 3 and SiO 2 nanofluids are experimentally investigated and compared with published data. Density has been measured over a range of 25-40°C for nanoparticle volumetric concentration of 0.05-4%. Viscosity experiments were carried out over a wide temperature range, from 25 to 80°C, to determine their applicability in such ranges. Nanofluids with particle volume fraction ranging from 0.02 to 0.03% and 1-4 kg/min were examined for the convective heat transfer and pumping power. The heat transfer coefficient of the nanofluid rises with rising mass flow rate, as well as rising volume concentration of metal oxide nanofluids; however, increasing the volume fraction results in increasing the density and viscosity of nanofluid, leading to a slight increase in friction factor which can be neglected. Addition of surfactants results in part of the increment in viscosity as well. An empirical formula for density is proposed, which also contributes to the novelty of this paper.
Introduction
Thermophysical properties of nanofluids are significant to enhance the heat transfer behaviour. It is tremendously significant in controlling industrial and energy saving prospects. Great interest has been shown by the industry in nanofluids. Unlike conventional particle-fluid suspension (millimetre-and micrometre-sized particles), nanoparticles have great ability to enhance the thermal transport properties. In the last decade, due to the ability of improving thermal properties, nanofluids have gained prominent attention. Based on the broad research, it has been recognized that the suspension of metallic particles in a base fluid significantly increases the thermal conductivity of the mixture [1] , therefore improving the heat transfer capability. Such observations have inspired the industrial as well as the science community to discover the thermophysical properties of nanofluids, such as density, viscosity, thermal conductivity and heat capacity. Obtaining the viscosity of nanofluids is of importance for establishing sufficient pumping power. Besides, the convective heat transfer coefficients, Prandtl and Reynolds numbers, are also reliant on viscosity.
The available literature has suggested that the nanofluids tend to enhance the heat transfer performance, most importantly the heat transfer coefficient, thermal conductivity and viscosity, which in turn affects the pumping power. Das et al. [2] experimentally showed that thermal conductivity of a nanofluid can be augmented up to fourfold by increasing temperature. Xuan and Li [3] also found that heat transfer coefficient could be enhanced by the use of nanofluids, particularly when increasing the flow or nanoparticle concentration.
Different results on the density of nanofluids have been reported by the researchers, most of which are for a particular temperature or for a particular nanofluid [4] [5] [6] [7] [8] [9] [10] [11] [12] . There is no generalized method or model to obtain the density of different nanofluids theoretically. Density of the nanofluids strongly depends on nanoparticle material and increases with the increase in volume concentration. Base fluid also plays a significant role in the density of the nanofluids, whereas the other parameters such as nanoparticles shape, size, zeta potential and additives do not affect the density of the nanofluids. For engineering applications, larger density is more preferable [13] . The equation for the density of two phase mixtures for particles of micrometre size is available in the literature for slurry flows [14] . Densities of solids are greater than that of the liquids, with the increase in the concentration of nanoparticles in the fluid, and the density of the nanofluid is found to increase. Density of the nanofluids is proportional to the volume ratio of nanoparticles (solid) and base fluid (liquid) in a system. Pak and Cho [15] conducted an experiment at one temperature (25°C) for Al 2 O 3 and TiO 2 nanofluids of up to 4 vol.%.
Studies on viscosity have been reported by numerous researchers. Several researchers [16] [17] [18] [19] observed a Newtonian behaviour in TiO 2 -ethylene glycol, Al 2 O 3 -water, single wall carbon nanohorns (SWCNH)-water and TiO 2 -water nanofluids, respectively. With the increase in particle concentration, increase in the viscosity is noted. Timofeeva et al. [20] observed that viscosity decreases with the increase in particle size; however, Pastoriza-Gallego et al. [21] observed a different behaviour. A non-Newtonian behaviour was found by other researchers. Some authors have also developed models to describe the rheological behaviour of nanofluids. Koo [22] introduced a model to predict the thermal conductivity and viscosity of nanofluid in terms of nanoparticle size, concentration and density. Masoumi et al. [23] also presented a model to calculate the effective viscosity by considering the Brownian motion and the relative viscosity between the fluid and particles.
Pumping power is deserted in more than a few studies although it directly effects the usefulness of the fluid in applications. This is due to the reason that heat transfer coefficients could be enhanced by merely increasing the flow velocity of the fluid, which results in additional pumping power due to the surged pressure losses. Any effort to improve heat transfer results in improved pressure losses. Also with the addition of nanoparticles to the base fluid, an antagonism between heat transfer growth and enhanced pressure losses is present. Hence, the real measure of efficiency of a heat transfer fluid is not only the convective heat transfer coefficient alone, but also the pressure losses need to be taken into account for calculations as well [24] . Heat transfer of a nanofluid flow which is squeezed between parallel plates is investigated analytically using homotopy perturbation method (HPM). It was reported from the findings that the Nusselt number has a direct relationship with the nanoparticle volume fraction, the squeeze number and Ecket number when two plates are separated, but an inverse effect is noted when the plates are squeezed [25] . In another study, heat and mass transfer characteristics of unsteady nanofluid flow between two parallel plates are investigated considering thermal radiation. Ordinary differential equations are solved numerically using the fourth-order Runge-Kutta method. Results indicated that the radiation parameter increased with the concentration boundary layer thickness. It was also reported that the Eckert number, Schmidt number, squeeze parameter and radiation parameter have direct relationship with Nusselt number [26] .
For nanofluids to be applied for practical applications, it is essential to study the effect of these nanofluids on the flow features and their effect on the pumping power and pressure drop, in addition to heat transfer performance enhancement. Calculations are carried out for different volume fractions of nanoparticles and for changing mass flow rate. The effectiveness of nanofluids is investigated by comparing the required pumping power of oxides nanofluids and the base fluid. The reason these oxides are considered for this study is that they are easy to produce and cheaper compared to the CNTs and graphene.
On the basis of the inclusive literature review, the main objectives of this study are to examine the effects of nanofluids on the density, viscosity, the pressure drop and the convection heat transfer characteristics. The nanofluids contained Al 2 O 3 , SiO 2 , and TiO 2 nanoparticles in water as a base fluid. The analyses were done for several nanofluids and then associated them with the water as the base fluid. The potential outcomes and their details were also described.
Methodology

Materials
Deionized water was used as the base fluid. The nanoparticles (TiO 2 ,P 2 5≥ 99.5% trace metals basis), (SiO 2 , 99.5% trace metals basis) and (Al 2 O 3 , 99.8% trace metals basis) were purchased from Sigma-Aldrich. Sodium dodecyl sulphate (SDS, 92.5-100.5%, Sigma-Aldrich), polyvinylpyrrolidone (PVP, Sigma-Aldrich), poly(ethylene glycol) 400 (PEG, Sigma-Aldrich) and hexadecytrimethyl-ammonium bromide (HTAB, ≥ 98%) were used as surfactants (Figures 1-4 ).
Nanofluids preparation
Ultra sound sonication was used to homogenize the suspensions. The particles can be mixed into many different liquids at preferable concentrations. Probe-type sonicators break particle agglomerates faster and more thoroughly than bath sonicators, and thus, it was chosen for our experiments. The nanoparticles were dispersed mechanically in distilled water at a concentration of 0.05, 0.5, 1, 2 and 4% by volume for density and 0.05-0.5% by volume for viscosity.
Aforementioned surfactants with 1:2, 1:3 and 1:5 nanoparticle to surfactant ratios (by volume) were used to prepare nanofluids for this research. 
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Nanofluid characterization
In order to characterize the prepared nanofluids, particle size, dynamic viscosity and density were measured as functions of temperature and particle volumetric fraction. Field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) were used to obtain the morphological characterization of the nanoparticles with SIGMA Zeiss instrument (Carl Zeiss SMT Ltd., UK). The Density Metre DA-130N from Kyoto Electronics Shinjuku-ku, Tokyo, Japan was used to measure the density of the nanofluids.
Sedimentation
Different nanofluids of 10 ml volume were used to investigate the sedimentation rate, and data were collected for 1 month from the date of preparation. Table 1 shows the detailed description of our investigation. It was also found that 0.1 %vol. HTAB for TiO 2 /DW and 0.1 %vol. PVP for Al 2 O 3 /DW and TiSiO 4 /DW work as the best surfactants for stability.
From Table 1 , it is noticed that all the nanoparticles, dispersed in DW, showed stability for longer periods of time, except for SiO 2 . 
Density of nanofluid
Experimental data on density measurements are not sufficient for various nanofluids at varying temperatures in the literature. Therefore, we carried out comprehensive measurements to obtain density and provide data as well as to verify the applicability of Eq. (1) (which is also called as mixing theory) [15] for various nanofluids. Figure 5 shows that density varies with temperature. Therefore, density equation should include temperature as a variable, whereas the mixing theory does not consider effect of temperature.
where
is the volume fraction of the nanoparticles.
Theoretical models
In this section, the existing theoretical models and correlations for the viscosity of nanofluid suspensions are presented. Each model is used for specific circumstances. 
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Implemented models for viscosity and density
In this part, the correlations that we have implemented for comparison between the experimental data and the predicted data are indicated.
It may be noted that once the base fluid is designated, the dimensionless effective viscosity of the nanofluid
increases with the decrease in particle diameter and increase in volume concentration.
Pumping power
The system counted is a forced flow nature. A pump is needed to mingle nanofluids throughout the system. The pump would require electrical energy. It is crucial to comprehend the entire energy needed by the pump to sustain a constant flow across the collector. The pumping power is analysed as follows [28] . The pressure drop throughout the collector is specified by Δp, which is determined from the subsequent equation [29] Figure 5. Densities of particle volumetric concentrations as a function of temperature [15, 27] .
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where K is the loss coefficient because of entrance effects, exit effects, bends, elbows, valves, etc. V is the mean flow velocity of nanofluids in the system and is given by
where D H represents the hydraulic diameter. In present analysis consider D H = pipe diameter (d). ρ nf was calculated from Eq. (1). The frictional factor, f, for laminar and turbulent flow, correspondingly, is as follows [30] f ¼ 64 Re for laminar flow
The Reynolds number is composed as
Now, the pumping power can be calculated using Eq. (20)
Convective heat transfer
Elementary forced convective heat transfer model utters the interactions in the middle of fluid flow and convective heat transfer in terms of correlations between the dimensionless Reynolds, Prandtl and Nusselt numbers (Nu, Re and Pr, respectively). For the regular instances of laminar flows inside a pipe of diameter d, the theoretically developed relations are given as follows [31] :
The Nusselt number for the laminar flow throughout a circular pipe is the function of the Reynolds and Prandtl numbers and can be resolved by employing Eq. (8) [32] . Nusselt number,
where Pr and k nf can be expressed as,
In Eq. (12), SH is the shape factor, which is given to be three for the spherical shape of nanoparticle [33] ( Table 2 ).
3. Results and discussions 3.1. Size distribution of the nanoparticles SEM nano-graphs of (a) TiO 2 , (b) SiO 2 and (c) Al 2 O 3 nanoparticles are presented in Figure 1 . Figure 2 presents the TEM images of silica (SiO 2 ) nanoparticles with surfactant (0.14% PEG). Figure 3 presents the TEM images of titania (TiO 2 ) nanoparticles~21 nm and the surfactant (0.1 %vol. PEG). Figure 4 presents the TEM images of alumina (Al 2 O 3 ) nanoparticles, average 13 nm and the surfactant (0.1%vol. HTAB). Sizes of the nanoparticles in all the prepared nanofluids were measured using Zetasizer3000HSa (Malvern), and results for the most stable nanofluids are shown in Figures 6 and 7 . 
Parameters of collector Value
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The numbers placed at the apexes describe the average particle size as obtained from the machine. It should be noted that the Malvern Nanosizer measures hydrodynamic properties based on the Strokes-Einstein equation, which is expected to be slightly larger than the actual size. Incorporating the findings from those in Figures 6 and 7 , it is found that the visual sedimentation rate of TiO 2 /water nanofluid decreases with increasing surfactant (PEG), whereas particle size increases with the increase in surfactant. For Al 2 O 3 /water nanofluid, the sedimentation rate for PEG in different concentrations is approximately similar and the size distribution of the particles is approximately also in the same region. The stability of the stable nanofluids as shown in Figures 6 and 7 was obtained for more than 1 week.
Density of nanofluids
First, a benchmark test for the density of the base fluid is presented showing excellent agreement with the data presented in the handbook of the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). Next, density measurements of the TiO 2, Al 2 O 3 and SiO 2 nanofluids over a temperature range of 25-40°C for several particle volume concentrations are presented. These measured results were compared with a widely used theoretical equation, and good agreements between the theoretical equation and measurements were obtained for the TiO 2, Al 2 O 3 and SiO 2 nanofluids.
We found the density decreasing with the increase in temperature. Eq. (1) is used to make the comparison with our experimental data. Figures 8 and 9 show the experimental values at different temperatures and the theoretical value obtained from Pak and Cho [15] . The trend lines generated from the experimental values clearly certify the linear relationship of density with concentration at a particular temperature. It also validates that the density increases with the increase in concentration. The pattern of the change in density is analysed, and the proposed empirical formula is presented below. The effective density of the nanofluids is measured using authors' proposed formula derived based on Einstein's theory. This model considers the changing temperature, volume fraction as well as the size of the nanoparticles. No such models have been presented previously, which also justifies the novelty of this proposed formula.
, where a ¼ 0:03358:
Moreover, as we examine the average absolute percentage deviation, we notice a systematic increase in percentage deviation with the concentration, as shown in Figures 8-10 . Further examination shows a gradual increase in percentage deviation with the temperature. Therefore, the proposed equation may have limitations for some nanofluids. The proposed formula is found valid for up to 2 %vol. concentration. The maximum relative difference between the experimental and theoretical values is 0.3% for Al 2 O 3 , 0.44% for TiO 2 and 0.28% for SiO 2 . Figures 8-10 represent the comparative graph for experimental data, Pak and Cho model data and proposed model data (solid line).
Viscosity
Viscosity of water-based nanofluids with and without surfactant was experimentally obtained. Viscosity of nanofluid was measured using Brookfield viscometer (DV-II + Pro Programmable Viscometer), which was connected with a temperature controlled bath. To verify the accuracy of our equipment and experimental procedure, viscosity of the ethylene glycol and water mixture (60:40 by mass) was measured and compared with the data from the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) handbook [34] . 
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Before conducting the density measurement, the equipment must be calibrated. Density measurements of a mixture of 60:40 EG/W by mass were first conducted to confirm the accuracy of our apparatus and the calibration procedure. The results of these measurements and the data from ASHRAE are presented in Figure 11 over a temperature range of 0-80°C. Excellent agreement is observed between the current measurements and the ASHRAE data. Figure 11 shows that the experimental values of viscosity for the ethylene glycol mixture and the ASHRAE data match fairly with a maximum alteration of ±2.0%. The deviations at low shear rates were due to machine error. Figure 12 . It is observed that the viscosity reduces with the increase in temperature and rises with the increase in volume fraction. From Figure 13 at 0.5 vol.%, titanium 
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behaves in a non-Newtonian way after 40°C. For the whole temperature range, this nanofluid demonstrates a Newtonian behaviour at 0.05 vol.%, while a non-Newtonian nature is found for 0.1 vol.%.
From Figure 14 , the effect of surfactant is observed to increase viscosity. Addition of surfactant augments the viscosity of the nanofluid. Similarly, viscosity tends to increase in Figure 15 ,f o r alumina with the rise in the volume concentration as well as addition of surfactants. As opposed to thermal conductivity, viscosity of these nanofluids showed a decreasing trend with the increase in temperature. Furthermore, a nonlinear relation is observed between the viscosity of alumina nanofluid and particle concentration except for 0.05 vol.% and temperatures lower than 40°C.
As it is observed from Figure 15 , in the case of nanoparticles with surfactants, viscosity tends to decrease due to augmenting the temperature. This can be explained by the change in the shape of micelles. Worm shapes change to spherical or vesicles which lead to the destruction of network structure and consequently a decrease in viscosity through temperature rise [35] . After the breakdown in network occurs, the attractive forces between the particles become dominant to produce aggregates. Figure 16 .I ti s witnessed that the rise in temperature results in reduced viscosity and addition of volume fraction also results in higher viscosity. Figure 17 presents the changes in the viscosity for SiO 2 nanofluid. In this case, the viscosity keeps increasing up to the concentration of 0.1 vol.%, but remains unchanged afterwards. This is because SiO 2 nanofluid is not stable, and due to the high rate of aggregation, sedimentation of nanoparticles takes place and consequently no 
Viscosity of SiO 2 at different temperatures and concentrations is illustrated in
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increment is observed. Adding surfactant causes minor increments in the viscosity of the nanofluid, with no significant changes in the stability of the colloid even after a period of half an hour. Newtonian behaviour is found for this nanofluid at 0.05 vol.% for temperatures over 50°C, but non-Newtonian characteristics are shown beyond this point. A similar trend occurred for 0.5 vol.% and at 60°C. A non-Newtonian behaviour for the entire range of temperature is observed for 0.1 vol.%.
In the previous articles, it was claimed that the viscosity of nanofluids is mainly dependent on the concentration of nanoparticles, properties of base fluid and temperature. However, some also reported about the size of the nanoparticles. From the results of current study, it is observed that for the same concentration (0.5%vol.), viscosities of the nanofluids are different, and TiO 2 results in higher viscosity followed by Al 2 O 3 and SiO 2 nanofluids for 0.5 vol.% concentration. Therefore, it can be said that viscosity depends on nanoparticles' properties such as the size and density. The available models are not appropriate to forecast or measure accurate viscosity of nanofluids as they are not related to temperature variation and nanoparticles' properties. Therefore, the results suggest the requirement of providing a more generalized viscosity model.
Pumping power and convective heat transfer
The resulting pressure losses are analysed in detail in this section. Figure 18 presents the pumping power and pressure drop with respect to volume fraction and volume flow rate for the laminar flow, respectively. These two parameters are calculated using Eqs. (4) to (7) and Table 1 .
The results show that the friction factor enhances with the increase in volume fraction and flow rate. It is observed from the figures that the friction factors of the nanofluids are almost the 
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same as that of the base fluid under same nanoparticle volume concentrations, therefore resulting in little supplementary pumping power for the process [36] [37] [38] .
Effect of volume fraction and mass flow rate is presented in Figure 19 . These parameters are calculated using Eqs. (6) and (9) . With the rising volume fraction of the nanoparticles suspended in water, it is observed that the both the Reynolds number and Nusselt number increase slightly in comparison with water. Reynolds number and Nusselt numbers of the nanofluid are greater compared to water, and the numbers are rising with the growing volume fraction as well as with the rising mass flow rate. This shows that increasing the molecular thermal diffusion due to increasing the nanoparticles volume fraction is the foremost purpose of the heat transfer enhancement for an exact Reynolds number. As a significance, the increase in the Nusselt number is found with a rise in Re. An alike trend was also witnessed by Maïga et al. [39] .
The experimental results clearly show that the nanoparticles suspended in water enhance the convective heat transfer coefficient, although the volume fraction of nanoparticles is very low ranging from 0.01 to 0.3 vol.%. The convective heat transfer coefficient of waterbased Al 2 O 3 nanofluids increases with volume fraction of Al 2 O 3 nanoparticles as shown in Figure 20 .
The overall heat transfer coefficient of water rises with the rising mass flow rate, with a maximum value of 804 W/m 2 compared to that of water, which is 732 W/m 2 K with the highest flow rate investigated. Heat transfer coefficient is improved with the addition of volume fraction as well as with the mass flow rate. Heat transfer coefficient is directly proportional to heat rate.
From the above results presented in the figures, it can be concluded that the heat transfer coefficient enhanced up to 15% with the suspended nanoparticles in the base fluid. The 
Future recommendations
The prospect of using nanofluids in different applications is related to their thermal and flow properties. Measurement of these properties will be performed in near future in order to access the total improvement in energy efficiency where these fluids are being used. Despite some undesirable changes such as rising viscosity or decreasing specific heat, we can consider nanofluids as good thermal fluids. However, researches to obtain a comprehensive formula to determine other physical properties of nanofluid must be continued.
Conclusion
The effect of volume fraction, temperature and mass flow rate was investigated on density, viscosity, pumping power and convective heat transfer of nanofluids in this article. Stability of nanofluids was obtained using different surfactants. Important conclusions have been attained and summarized as follows:
1. The density is found decreasing with the increase in temperature. An empirical model is proposed to describe the behaviour. The maximum deviation between the experimental values and the proposed model is 0.3% for Al 2 O 3 , 0.44% for TiO 2 and 0.3% for SiO 2 which is very small and well below the minimum acceptable limit (1%).
2. Viscosity of our nanofluids increases dramatically with the increase in particle concentration. Addition of surfactants results in part of the increment.
3. Friction factor rises with the rising volume fraction. This is due to the increasing density and viscosity with the addition of nanoparticles. Since this effect is slightly higher compared to base fluid, therefore little penalty in pressure drop and pumping power occurs.
4.
At a particle volume concentration of 3%, the use of oxide nanofluid gives significantly higher heat transfer characteristics. For example, at the particle volume concentration of 3%, the overall heat transfer coefficient is 804 W/m 2 compared to that of water, which is 732 W/m 2 for a mass flow rate of 1 kg/min, so the overall heat transfer coefficient of the oxides nanofluid is 15% greater than that of distilled water as a base fluid.
5.
The enhancement in Reynolds number Nusselt number was observed to be 8. 
